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Abstract. Io’s thermal emission for 1995 tlom eclipse
photometry at 2.2 Vrn, broad band radiometry at 4.8 #m, 8.7 pm
and 20 pm; and in eelipse imaging between 1.7 and 5 pm are
compared. The variability of thermal emission from Io at
wavelengths between 1-S pm (Silverstone et al., 1995; Spencer
et al., I WI’) is in agreement with the expected variability based
on the 13 year record presented in Veeder et al. (1994) and
Goguen et al. (1996). We conclude that 1995 was typical for Io,
in terms of overall observed variability in the volcanic sQurces.
Detailed comparison of data from Goguen  et al. on Aug. 24 and
Speneer et al. on Aug. 26 provides evidence of a high
temperature eruption that produced a larger, cooler region over
the course of two days. The observed frequency of occurrence of
high temperature events, the linking of high and lower
temperature thermal anomalies, and the observed stability of
volcanic regions since Voyager suggests that high temperature
silicate eruptions could support the entire observed population
of cooler temperature anomalies. It may be more productive to
consider sulfur flows on Io in the context of remobilimtion  of
existing sulfw deposita.

1. Introduction

Three broad classes of infrared observations have been used to
study Io’s volcanoes from the Earth.

Disk integrated radiometry (4.8 pm to 20 pm)

lle relatively high temperatures of volcanic thermal anomalies
produce distinctive thermal spectra. “IMs allows the flux from
the anomalies to be distinguished from reflected sunlight at 5
pm and from back~ound  thermal emission from non-volcanic
regions at longer wavelengths (Matson et al. 1981, Veeder et al.
1994). The contribution from even relatively small volcanic
spots (radii of -1-2 km to 100’s of km) can be determined if
their temperatures are greater than about 180 K. Hotter SpdS
are detectable at smaller sizes. The background comes ftom
‘normal’ daytime surface temperatures of 100-120 K.
Calculating the amount of multi spectral ‘hotspot’ flux required
to match observations taken at different sub-Earth longitudes (as
Io orbits Jupiter) yields model areas and temperatures of the
volcanic sources and their distribution in longitude. Latitude
information must come from other techniques such as Voyager



and Galileo observations, Disk integrated radiometry has been
carried out over the last 13 years (Veeder et al. 1994). Thermal
anomalies with model temperatures ranging from 140 K to 800
K are used to fit these data. These data show that there are high
surface temperatures (>500 K) somewhere on Io whenever
observations have been made (Johnson et al., 1984; Veeder et
al., 1994, Goguen et al., 1996). In addition, “outbursts” ( short
lived enhancements in short wavelength flux) imply large
eruptions of high temperature material (Johnson ef al. 1988,
Veeder et al. 1994, Blaney  et al. 1995).

Disk integrated eclipse observations (1.5 -5 pm)

When Io is in Jupiter’s shadow reflected sunlight is not present
in the observed flux. This allows relatively straightforward
modeling of the remaining flux, which comes from volcanic
areas. Weaker sources of volcanic thermal emission that cannot
be recognized in the presence of sunlight can be detected. This
method is sensitive to smaller areas with higher temperatures.
This technique was first used by Morrison and Telesca (1980).
Silverstone et al. (1995) and Spencer et al. (1997) have reposted
numerous eclipse observations at wavelengths between 1.7 and
5 pm. The principle limitation of thk method is that it only
provides information for Io’s Jupiter facing hemisphere, and
cannot determine smree position elsewhere.

Direct infrared imaging during eclipse and Jupiter
occultations (1.7 pm to 4.8 pm)

The advent of two-dimensional imaging arrays sensitive in the 1
to 5 pm spectral region has allowed ground bawd telescopes to
detect and locate sources in both latitude and longitude to
accuracies of several hundred kilometers. Spencer et al.
(1990,1992,1994,1997) used this technique to identify at least
one new long-lived fature  (tentatively named Kanehekili) and
to study the variability of volcanic features on the Jupiter-facing
hemisphere. However, large (~100  km) volcanic fkatures with
‘warm’ temperatures (<-300 K) are not easily detectable at
these short R wavelengths.

Although each of the above methods individually has
strengths rmd weaknesses, combining information from severrd
of them can provide a more complete view of Io’s volcanic
emission sources. In this paper, we study and compare these
three types of observations which were made just prior to the
arrival of the Galileo spaeecratl during the 1995 apparition of
Jupiter at wavelengths between 1.7 and 20 ym, The data sets
consist of radiomehy  from 4.8 to 20 pm (Goguen  et al. 1996),
eclipse photometry at 2.2 pm (Silverstone  et al. 1995), and
infrared imaging between 1.7 and 4.8 pm (Spencer et al.
1997). This wavelength coverage allows the identification of
thermal anomalies ranging in temperature from <200 to 1500
K.

II. Io Observations in 1995

In 1995, fourteen clear nights resulted in relatively complete
longitude coverage of Io at 4,8 pm, 8.7 pm, and 20 ~m (Goguen
e( al., 1996). The data are showm in Figure 1. We used the
method of Veeder et al. (1994) to model these data with a fixed
number of hotspots (of appropriate radii and temperatures) to



match the shapes of the light curves at all wavelengths shown,
Ixder we will use these radii and temperatures (see Table 1) to
model the flux from 10 at all wavelengths.

June 11 to 16, 1995 UT was a period when all observers
reported relatively low source strength (open squares). The
August 17 to 24, 1995 UT observing period (solid-circle data)
shows good agreement with the June data except between
longitudes >270° and <40° where the 4.8 pm flux is roughly a
factor of two greater. Enhanced emission was also seen at 8.7
pm. On the basis of total emission levels, 1995 appears to have
relatively typical activity and emission levels within the ranges
previously observed (see Veeder et al. 1995). However, a
notable feature of the Aug. 95 data is that a hot spot at a new
location is required.

Table 1 shows the areas, temperatures, and locations of the
hot spots needed to match the June 1995 Goguen  et al. data.
(Figure 1). The model for the June data uses the same hotspot
set as for the previous year and it required only relatively small
adjustments in the assigned temperatures and areas. In Augus~
the changes at 4.8 pm on the Jupiter facing longitudes could not
be tit by merely varying the ernittance levels in the model’s suite
of hot spots which had served to model the previous 12
apparitions.

The radiometry data for August 24 UT (3 10° -350° W)
were taken just 1 orbital period prior to the August 26 UT
observations reported by Spencer et al. (1997) in filch they
identified six high temperature regions on Io’s Jupiter-facing
hemisphere. An increase in flux at these longitudes was
observed about 1 month earlier on 20 July UT by M. Silvcrstone
(1995). The shape of the radiomeby  light curve is best fit by
including a new spot at the location of Spencer’s spot 9507A
(L.at 22° N, Lon 351” W). Other sources such as 9508A (IA
32° N, Lm 20” W) and Loki (Lat. 13°, Len. 309”) are too far
east or west to match the shape of the light curve. A two
component model  is fit to the data in Figure 1 using scnrnxs
with model radii of 2.2 and 220 km with temperatures of 1500 K
and 200 K respectively. The 1500 K temperature is not
uniquely determined, but a source with a temperature > 1000 K
is required. The model in Figure 1 does not agree with data
taken on Aug. 21, 1995 (solid circles below the model line),
suggesting that the high tern~ature  part of this eruption started “
after these observations were made. The large cool area may be
an older flow that was already cooling, perhaps related to the
Silverstone et al. July observation.

To investigate the hypothesis that the different observational
techniques are sensing the same suite of volcanic events, we
compared the 1995 radiome~  data, the imaging data of
Spencer et al. (1997) and the 2.2 ~m eclipse observations of
Silverstone et al., (1995). These observations are plotted in
figure 2 after being converted to et%ctive integrated disk
magnitudes for the thermal emission component using the LRTF
fluxes for Vega (after Hanner e~ al. (1992), Beckwith et al.
(1976), Hanner et al. (1984)). Dotted lines connect data taken
during the same observation sequence.

111. Comparkon  of the data sets



Variation in Emission Levels

We used the modeled hotspot characteristics given by Veeder
et al. (1994) and those derived tiom the Goguen  et al. (1996)
data in Table 1 to calculate the 1-5 ~m flux for the 350° W
hemisphere for each apparition in Figure 2. These are
reasonable estimates of what a 14 pm observer would have
measured at the time corresponding to the Veeder et al. and
Goguen et al. observations.

The 1995 txlipse data fall well within this range. All of
these fluxes are lower than the fluxes expected during the times
of higher power “outbursts”, The August 1995 emssion  was
significantly enhanced at short wavelengths, but is well within
the range expected tiom previous apparitions.

Aug 24-Aug 26 Comparison

There appears to have been a signifimt  change in emission
characteristics horn Aug. 24 to Aug. 26. On Aug. 24, the 4.8
pm emission was 0.05 Wm”2pm (Goguen et al. 1996). Two days
later Spencer ef al. observed a 4.8 pm flux of -0.03 Wm-2p~  a
40% decrease. The model  for the 24 Aug. data predicts a much
higher flux at 14 pm than Spencer et aL maisured on the 26th.
The type of change required is suggested by examining the
model spectrum for the 1990 outburst in Figure 2. The 24 Aug.
model  resembles the early, high temperature phase (1990a)
while the 26 Aug. data more closely parallel the spectrum
modeled for the 1990b curve (end of the night) implying wler
temperatures. A reasonable (but non-unique) interpretation is
that the Aug 24 and Aug. 26 observations are due to a new
eruption which was first seen while it was still hot and then
observed again two days later after it had cooled to a lower
temperature. If this was an eruptive event, it was less powerful
than the classical 1996 and 1990 “outbursts” but otherwise
similar in spectral shape (temperature) to the event seen in
1990.

Although the actual events on Io were undoubtrrbly  complex,
a simplified calculation assumes all the changes in emission
between Aug. 24 and Aug 26 occurred at one location (351° W,
22° N). Conceptually we are combining the multiple hotspots
seen by Spncer  et al. in the hemisphere and looking at their
aggregate change, assuming that the other volcanic areas on Io in
this hemisphere did not change between the two days.

Figure 3 shows the August 26, 1995 data from Spencer et al.
(1997). Three components are required to achieve a reasonable
match to the data. One component is a combination of Loki,
other minor sources in the same hemisphere, and the 200 K,
presumably older, source at 9S07A  (dashdotdash in Figure 3).
The other two temperature components are for the spot located
at 3510 W, 22° N. A single graybady  (with emissivity=O.9)
soectnrn could not be added to this base emission and match the
d&. Two graybodies provide a reasonable tit however: one
with a temperature of 1500 K and a radius of 0.3 km, and the
other with a temperature of 410 K and a radius of 22 km.
Comparing this with the modeI  values for two days earlier (2.2
km radius, 1500 K temperature), we infer a sequence
qualitatively consistent with what we have deduced for the
larger 1990 eruption from models of cooling lava flows (Carr
1986, Davies 1996, Howell e( al, 1997). The decrease in the



equivalent radius of 2.2 km to 0.3 km for the 1500 K spot could
happen eitlwr because the volcanic eruption was ending and the
effhsion rate was dropping or because lava tubes had formed.
This scenario is pIausible given previous studies of such events
on Io.

A calculation similar to that done in Blaney et al. (1995) for
tie 1990 outburst can be done. If the entire model area at 410
K (1.5 x 103 kmz) formed  in the roughly 48 hours between
observations, this would imply an average resurfacing rate of31
km2ti 1 or 8.7x 103m2s”1. Assuming a lava flow thickness of 10
meters, this implies an effuion rate of 8.7x104 m3s-’, about half
that found for the 1990 outburst. This effusion rate is the same
order of magnitude as estimates of large eruptions on the moon
(e.g., Huhne and Fielder 1977, Head and Wilson, 1981) and
the Earth (Baloga and Spudis 1992).

IV. Discussion

Time scales and magnitudes of variability

The 1.7 to 2.2 pm emittances reported for 1995 are within
the range expected from previous apparitions. Greater
variability at the shorter wavekngths,  compared to 8.7 and 20
pm, is probably the result of the physics of black body emission
as a fiurction of temperature combined with the fact that very hot
lava cools quickly if not continuously replenished. This
spectral region is very sensitive to relatively small changes in
the temperature of hot lava, As suggested by Blaney et al.
(1995), the 1 to 5 pm in+edipse imaging is now detecting Io’s
widespread ‘normal” activity that must be occurring nearly
continuously to support the relatively steady level of the mid-
infrared flux documented in Ve-eder  et al. (1994). The Spencer
et al. and Silverstone et aL short wavelength data eonfm that
small high temperature eruptions occur frequently. We conclude
that 1995 was typical for Io, in terms of overall observed
variability in the volcanic sources based on the expected
variability from extrapolating the Veeder  et al. models. Higher
pOWef “outbursts” such as thOsf3  seen in 1986 and 1990 should
produce 1 to 3 ~m emittances -100 times higher than those
observed in 1995. These large events presumably occur less
frequently and last only for brief periods (Johnson et al. 1986,
Veeder et al .1994, Blaney et af. 1995). Longer wavelength
emission changes are smaller and occur over longer periods
(months to years).

This range of variability may result from a continuous
distribution of high temperature events of various sizes, with
the more energetic “outbursts” occurring less frequently. Rather
than the traditional descriptions of “outbursts” and “normal”
activity, we w now view Io’s  volcanism as a continuum of high
temperature events of varying power output and duration. Events
can be characterized by their temperature, siz~, power, location,
and the time period over which they have been active.

Lava composition

The exact composition of the high temperature lavas on Io is
unknown. However, as argued by CM (1986), Io’s surface
morphology, bulk density, and likely geochemistry are highly



suggestive of silicates, The documented presence of events with
temperatures well above the point of sulfur (Johnson et al. 1988,
Veeder et al. 1994, Blartey et al, 1995, Goguen  et al. 1996,
McEwen et al. 1997, Spencer et al., 1997, Impes-Gautier  ef
al. 1997, Davies et al. 1997,  Stansberry et al. 1997), n o w
eliminates sulfw as the “universal” lava. However, other lava
compositions, including sulfi.rr,  cannot be excluded for lower
temperature anomalies

At least some of the lower temperature anomalies are clearly
associated with previous high temperature events. Our
modeling of the observed fluxes and their changes btween Aug.
24 and Aug. 26 provides yet another example of a high
temperature (i.e. silicate lava) eruption associated with a larger
cooler region. The 1990 outburst for instance was also seen to
have a temperature well above the boiling point of sulfhr then to
cool rapidly during a period of about 2 hours (Veeder  et al.
1994, Blaney et al. 1995,  Davies 1996). Even on Earth, active
lava flows are rarely observed at their magrnatic temperatures
(Flynn and Mouginis Mark, 1992) . High temperature lavas, in
general, are expected to cool rapidly (Carr 1986, Davies 1996,
Howell 1997). The observed hquency  of occurrence of high
temperature events su~ests  that they could well support the
entire observed population of cooler temperature anomalies. It
may be more productive to consider sulfi.rr flows on Io in the
eontext of remobilization of existing sulfur deposits, which is
the source of terrestrial sulfur flows (Greeley et al. 1990)

In addition several lines of argument su~est relative stability
of volcanic centers during the current epoch. The addition of
only one new hotspot since 1983 and the continuous (through
variable) activity at Loki during the thirteen years of the JFL
NASAARTF monitoring program, implies that the locations of
volcanic activity can be stable for periods on the order of
decades. Hot spots identified by Spencer et al.
(1990,1 992,1 994,1997) also show stability in that their locations
appear to be fixed. Recent Galileo NIMS and SS1 data have also
shown present activity at locations previously identified as
thermal anomalies in Voyager data and/or by ground W
observers (Lopes-Gautier  et al., 1997, McEwen et al. 1997).
Repeated eruption of magma at the same location inevitably
produces adjacent, lower temperature themlal anomalies over
time. Magma brought to the surface through caldera or fissure
eruptions will form some type of lava flow over time. Active
lava lakes have flows associated with them either when the lake
overflows or through the formation of lava tube systems. We
conclude that tJre thermal activity seen on Io can be explained by
the continuing resurfacing of Io with silicate lavas and the
evolution of these volcanic eruptions.
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BLANEY ET AL: 10’S THERMAL ANOMALJES  FROM 1 TO 20 pm

Table 1. 1995 Model Hot Spot Location, Area. and
Temperatures. After Veeder  et al. 1994, based on Goguen et al.
1996 data.

R T (K)

L&i 1
Ixrki 2
Loki 3
Pele 1
Pele 2

Colchis 1
170° w 1
170” w 2
80” W 1
80” W 2
9507A-1
9507A-2

12 525
15 300

520 1 5 0
12 500

550 150
12 500
7 500

450 145
10 610

525 160
0 0
0 0

Power
12

1.76
0.29

21.95
1.44

24.55
1.44
0.49
14.35
2.22

28.95
0
0

R T (K) Power
12

10 525 1.22
20 400 1.64

200 180 6.73
12 500 1.44

500 150 20.29
10 500 1.00
9.5 525 1.10
475 150 18.30
9.5 610 2.00
450 155 1.87
3.75 1000 2.19
225 200 12.98



Figure 1. Io’s thermal emission at 4.8 (M), 8.7, and 20 (Q) pm
as a fimction of orbital longitude horn Goguen  et al, 1996. Data
are shorn for 2 complete orbital lightcurves obtained during
11-16 June 1995 UT (open squares) and 17-24 August 1995 UT
(solid circles). A complete description of the observations,
reduction and analysis techniques can be found in Veeder et al.
(1994). The 1995 data are modeled using the method described
in Veeder et al. 1994 with thermal anomalies at fixed locations
and variable areas and temperatures. The June 1995 model is
shown as a solid line and the August 1995 mule] is shown as a
dashed line. Solid circles at -20” W Longitude for 8.7 and 20
pm not matching models are eclipse observations for Aug. 22.

Figure 2. Comparison of recent observations with model
calculations for 1983 to 1993. 1-5 ~m eclipse observations from
by Silverstone  et al. 1995 and Spencer et al. 1997 are compared
to the models for each apparition from 1983 to 1993 (Veeder et
al. 1994) calculated for these wavelengths. The two “outbursts”
discussed in Veeder et al. 1994 are also shown and labeled with
the year they occurred (i.e. 1986, and 1990a (beginning of the
night) 1990b (end of night)). Models for 1995 June and August
Goguen  et al. radiometry noted with dark lines and Spencer et
al. data for Aug. 26, 1995 also noted.

Figure 3. Thermal Model for Aug. 26, 1995. Data is from
Spencer et al 1997. (X’s) are modeled with 3 thermal
components (solid line). One component is a combination of
Loki, other minor sources in the same hemisphere, and the
presumably older 200 K source at this Iocation(dashdot-dash).
Two thermal components are then added, One with a 1500 K
and a radius of 0.3 km (dashed line), and the other with a
temperature of410 K and a radius of 22 km (dotted line).

Figure 1. Io’s thermal emission at 4.8 (M), 8.7, and 20 (Q) ~m as a function of orbital longitude from Goguen
et al. 1996. Data are shown for 2 complete orbital lightcurves obtained during 11-16 June 1995 UT (open
squares) and 17-24 August 1995 UT (solid circles). A complete description of the observations, reduction and
analysis techniques can be found in Veeder et af. (1994). The 1995 data are modeled using the method
described in Veeder et al. 1994 with thermal anomalies at fixed locations and variable areas and tem@ratures.
The June 1995 model is shown as a solid line and the August 1995 model is shown as a dashed line. Solid
circles at -20” W Longitude for 8.7 and 20 ~m not matching models are eclipse observations for Aug. 22.

Figure 2. Comparison of recent observations with model calculations for 1983 to 1993. 1-5 pm eclipse
observations from by Silverstone et al. 1995 and Spencer et al. 1996 are compared to the models for each
apparition fiom 1983 to 1993 (Veeder et al. 1994) calculated for these wavelengths, The two “outbursts”
discussed in Veeder  et al. 1994 are also shown and labeled with the year they occumed  (i.e. 1986, and 1990a
(begiming of the night) 1990b  (end of night)). Models for 1995 June and August Goguen et al. radiometry
noted with dark lines and Spencer ef al. data for Aug. 26, 1995 also noted.

Figure 3. Thermal Model for Aug. 26, 1995. Data is from Spencer et al. 1997. (X’S) are modeled with 3
thermal components (solid line). One component is a combination of Loki, other minor sources in the same
hemisphere, and the presumably older 200 K SCNUCe  at this location(dashdot-dash).  Two thermal components
are then added. One with a 1500 K and a radius of 0.3 km (dashed line), and the other with a temperature of
410 K and a radius of 22 km (dotted line).
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